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1
CO2 SENSOR BASED ON A DIAMOND FIELD
EFFECT TRANSISTOR

BACKGROUND

Chemical sensors are widely used in industrial environ-
ments for process control, environmental control, and other
applications. A chemical sensor is a device which monitors
the concentration of a given chemical species in a liquid or a
gas. Chemical sensor are often required to be highly sensitive,
in order to detect small concentrations of the chemical. They
are also often required to withstand harsh chemical environ-
ments and/or high temperatures which may be present in
process control, environmental control or other applications.
For example, carbon dioxide sensors have been used in nor-
mal ambient, as well as in harsh environment conditions (e.g.,
high radiation levels, high corrosion rates, high humidity
levels, and high temperatures). Chemical sensors employing
wide band gap semiconducting materials, such as silicon
carbide, gallium nitride, synthetic diamond, are prone to
withstand harsh environment conditions.

SUMMARY

The examples of the present disclosure provide carbon
dioxide (CO,) sensors based on a diamond field effect tran-
sistor, for example, a gate-less field effect transistor.

Example 1 includes subject matter directed toward a car-
bon dioxide sensor. The carbon dioxide sensor can include a
gate-less field effect transistor including a synthetic, quasi-
intrinsic, hydrogen-passivated, single-crystal diamond layer
exhibiting a 2-dimension hole gas effect, and a sensing layer
including a polymer and a hygroscopic material deposited
onto a surface of the gate-less field effect transistor.

In Example 2, the subject matter of Example 1 can be
optionally configured such that the gate-less field effect tran-
sistor includes an ohmic drain contact and an ohmic source
contact.

In Example 3, the subject matter of Examples 1 or 2 can be
optionally configured such that two highly-doped p-type
regions are implanted within the synthetic, quasi-intrinsic,
hydrogen-passivated, single-crystal diamond layer, wherein a
first highly-doped p-type region is positioned below the
ohmic source contact and a second highly-doped p-type
region is positioned below the ohmic drain contact.

In Example 4, the subject matter of Examples 1-3 can be
optionally configured to include one of a single-crystal dia-
mond structure and a poly-crystalline diamond structure.

In Example 5, the subject matter of Examples 1-4 can be
optionally configured such that the one of the single-crystal
diamond substrate and the poly-crystalline diamond substrate
is connected to an ochmic substrate contact.

In Example 6, the subject matter of Examples 1-5 can be
optionally configured such that the synthetic, quasi-intrinsic,
hydrogen-passivated, single-crystal diamond layer is posi-
tioned on a top surface of the one of the single-crystal dia-
mond substrate and the poly-crystalline diamond substrate.

In Example 7, the subject matter of Examples 1-6 can be
optionally configured to include a 2-dimension hole gas chan-
nel within the synthetic, quasi-intrinsic, hydrogen-passi-
vated, single-crystal diamond layer.

In Example 8, the subject matter of Examples 1-7 can be
optionally configured such that the sensing layer is positioned
between an ohmic drain contact and an ochmic source contact,
and adjacent to the 2-dimension hole gas channel.

In Example 9, the subject matter of Examples 1-8 can be
optionally configured such that the polymer is chosen from at
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least one of polyallylamine, N-substituted polyallylamine,
polydiallylamine, polyvinylamine, N-substituted polyviny-
lamine, polyethylenimine, and a nanocomposite matrix.

In Example 10, the subject matter of Examples 1-9 can be
optionally configured such that the nanocomposite matrix
includes: at least one of polyallylamine, N-substituted poly-
allylamine, polydiallylamine, polyvinylamine, N-substituted
polyvinylamine, and polyethylenimine; and aminomethil
carbon nanotubes.

In Example 11, the subject matter of Examples 1-10 can be
optionally configured such that the hygroscopic material is
chosen from at least one of cyclodextrines, xylitol, maltitol,
and polydextrose.

Example 12 includes subject matter directed toward a
method. The method can include providing or obtaining a
gate-less field effect transistor including a synthetic, quasi-
intrinsic, hydrogen-passivated, single-crystal diamond layer
exhibiting a 2-dimension hole gas effect, providing or obtain-
ing a sensing layer including a polymer and a hygroscopic
material, and depositing the sensing layer onto a surface of
the gate-less field effect transistor.

In Example 13, the subject matter of Examples 1-12 can be
optionally configured such that providing or obtaining the
gate-less field effect transistor includes growing a synthetic,
quasi-intrinsic, hydrogen-passivated, single-crystal diamond
layer on top of one of a single-crystal diamond structure and
a poly-crystalline diamond substrate.

In Example 14, the subject matter of Examples 1-13 can be
optionally configured such that the polymer is chosen from at
least one of polyallylamine, N-substituted polyallylamine,
polydiallylamine, polyvinylamine, N-substituted polyviny-
lamine, polyethylenimine, and a nanocomposite matrix. The
nanocomposite matrix includes at least one of polyally-
lamine, N-substituted polyallylamine, polydiallylamine,
polyvinylamine, N-substituted polyvinylamine, and polyeth-
ylenimine; and aminomethil carbon nanotubes.

In Example 15, the subject matter of Examples 1-14 can be
optionally configured such that the hygroscopic material is
chosen from one of cyclodextrines, xylitol, maltitol, and
polydextrose.

DETAILED DESCRIPTION OF THE DRAWINGS

The embodiments of the present invention will be
described, by way of example only, by reference to the FIGS.
1 and 2 of the accompanying drawings in which:

FIG. 1 shows a cross-sectional view of a CO, sensor, in
accordance with one example.

FIG. 2 shows a method of forming a CO, sensor, in accor-
dance with one example.

DETAILED DESCRIPTION

Examples of the present disclosure relate to a carbon diox-
ide sensor and method of making the carbon dioxide sensor.
Carbon dioxide sensors can be used in applications such as
combustions and emission monitoring in domestic and indus-
trial boilers, in car and plane engines, the food industry,
carbon storage and sequestration, oil and gas storage, and
transportation. These applications generally require carbon
dioxide sensors with increased sensitivity levels, lower
response time, reduced dimensions, and longer lifetime. The
carbon dioxide sensors of the present disclosure can have a
high CO, sensitivity and limited cross-sensitivity. The carbon
dioxide sensors are built on synthetic diamond, the hardest
known material, and are able to be used in harsh conditions
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(e.g., temperatures up to 150 degrees Celsius, relative humid-
ity levels up to 100%, high radiation levels, high corrosion
rates).

Previous approaches for CO, sensors included semicon-
ductors such as silicon or silicon carbide. However, the pre-
vious CO, sensors do not match the sensitivity level, response
time, dimensions, and lifetime required for operation in harsh
conditions.

In some examples, the carbon dioxide sensor can include a
gate-less field effect transistor including a synthetic, quasi-
intrinsic, single-crystal diamond layer exhibiting a 2-dimen-
sion hole gas effect. The carbon dioxide sensor can include a
sensing layer. The sensing layer can include both a polymer
and a hygroscopic material and is deposited onto a surface of
the gate-less field effect transistor. The gate-less field effect
transistor does not include a gate.

In some examples, the carbon dioxide sensor can include a
synthetic diamond substrate, which can be either single-crys-
tal or poly-crystalline, and an ohmic contact to the substrate.
In an example, a synthetic, quasi-intrinsic, single-crystal dia-
mond layer can be grown and hydrogen-passivated on the
synthetic diamond substrate forming a synthetic, quasi-in-
trinsic, hydrogen-passivated, single-crystal, diamond layer
(also referred to herein as a “quasi-intrinsic diamond layer).
The quasi-intrinsic diamond layer can be grown by chemical
vapor deposition (CVD). A 2-dimension (2D) conductive
channel can form along the surface of the quasi-intrinsic
diamond layer. The 2D conductive channel can consist of
holes (2D hole gas (HG) effect), phenomen which refers to
the presence of a gas of holes, free to move in two dimensions
only. This effect naturally occurs at the surface of the syn-
thetic, quasi-intrinsic, hydrogen-passivated, single-crystal
diamond layer. In an example, the sensing layer can be adja-
cent to the 2D conductive channel. That is, the sensing layer
is deposited onto a surface of the gate-less field effect tran-
sistor that is above the 2D conductive channel.

In an example, the carbon dioxide sensor can further
include an ohmic substrate contact, an ohmic source contact,
and an ohmic drain contact. In an example, two highly doped
p-type regions can be created within the quasi-intrinsic dia-
mond layer. In an example, the two highly doped p-type
regions can be positioned right below the ohmic source con-
tact and the ohmic drain contact, respectively. For example,
the p-type regions can be created by ion implementation (e.g.,
with Boron atoms) and a doping concentration, for example,
can be about 10*° cm™.

In an example, the sensing layer includes both a polymer
and a hygroscopic material and can be deposited onto the
surface of the quasi-intrinsic diamond layer and between the
two ohmic contacts (e.g., the ohmic source contact and the
ohmic drain contact). The sensing layer can be deposited onto
the surface via spin coating, spray coating, dip coating, or
direct printing.

The ohmic drain contact and the ohmic source contact can
collect the current flowing through the 2D conductive chan-
nel. The carbon dioxide sensor is normally “on”, which
means that, even at zero Volts (V) gate bias, a current will flow
from the source to the drain if there is a potential difference
between the ohmic source contact and the ohmic drain con-
tact. The present disclosure maximizes the area exposed to the
carbon dioxide by notutilizing a gate. When changes occur in
the carbon dioxide concentration, the potential at the surface
of the gate-less field effect transistor (e.g., below and along
the sensing layer) changes, thus leading to a variation in the
2D conductive channel carrier concentration, which results
into a change of the drain-source current.
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As discussed herein, the sensing layer can include both a
polymer and a hygroscopic material. The sensing layer can be
selected based on the Hard Soft Acid Base (HSAB) theory.
That is, hard Lewis bases prefer to bond to hard Lewis acids,
and soft Lewis bases prefer to bond to soft Lewis acids.
Carbon dioxide is considered to be an example of a hard acid,
according to the HSAB theory.

In an example, the polymer within the sensing layer can be
chosen from at least one of polyallylamine (PAA), N-substi-
tuted polyallylamine, polyvinylamine, N-substituted polyvi-
nylamine, polyethylenimine (PEI), and a nanocomposite
matrix. The nanocomposite matrix can include a mixture of
aminomethil carbon nanotubes (CNTs) and at least one of
polyallylamine, N-substituted polyallylamine, polydially-
lamine, polyvinylamine, N-substituted polyvinylamine, and
polyethylenimine. In an example, the aminomethil carbon
nanotubes can be single wall, double-wall, or multiple-wall
carbon nanotubes. The polymers disclosed are considered
hard bases, according to the HSAB theory, and thus, have
strong interaction with carbon dioxide molecules, which are
hard acids.

In an example, at least one hygroscopic material is mixed
with the polymer. In an example, the hydroscopic material
can be chosen from cyclodextrines (., [, y, or mixtures
thereof), xylitol, maltitol, polydextrose, and mixtures thereof.
The hygroscopic material, in some embodiments, is suffi-
ciently hygroscopic so as to provide sufficient moisture (e.g.,
maintain a sufficient level of humidity) in order to trigger the
ionization of carbon dioxide.

FIG. 1 shows a cross-sectional view of a CO, sensor 10
(referred to herein as “sensor 10”), in accordance with one
example. The sensor 10 can include an ohmic substrate con-
tact 12, a diamond substrate 14 (e.g., either a single-crystal or
poly-crystalline diamond substrate), a synthetic, quasi-intrin-
sic, hydrogen-passivated single-crystal diamond layer 16
(also referred to herein as “quasi-intrinsic diamond layer
16”), and a 2-dimensional hole gas channel 28.

The ohmic substrate contact 12 can include metal stacks
such as, but not limited to, titanium-aluminum, titanium-
gold, titanium-platinum, and titanium-nickel. In an example,
the sensor 10 can include omhic contacts such as a ohmic
source contact 22 and a ohmic drain contact 26. The ohmic
source contact 22 and the ohmic drain contact 26 can include
metal stacks such as, but not limited to, titanium-aluminum,
titanium-gold, titanium-platinum, and titanium-nickel. As
shown in FIG. 1, the 2-dimensional hole gas channel 28 can
form along the surface of the quasi-intrinsic diamond layer
16. The sensing layer 24 can be deposited on the surface of the
quasi-intrinsic diamond layer 16 that is adjacent to the 2-di-
mensional hole gas channel 28.

In an example, the sensor 10 can include two highly doped
p-type regions implanted within the quasi-intrinsic diamond
layer 16. For example, sensor 10 can include a first highly
doped p-type region 20 and a second highly doped p-type
region 18. The first highly-doped p-type region 20 can be
positioned below the ohmic source contact 22 and the second
highly-doped p-type region 18 can be positioned below the
ohmic drain contact 26. In an example, the highly doped
p-type regions 20 and 18 can be created by ion implementa-
tion (e.g., with Boron atoms) and have a doping concentration
of about 10°° cm™>. In an example, the highly doped p-type
regions 20 and 18 can have a doping concentration between
about 10'° cm™ to about 5x10%° ¢cm™, for example, about
5x10' cm™ to about 2x10%° cm™3, such as 10%° cm™.

The sensing layer 24 of the sensor 10 can include both the
polymer and the hygroscopic material. In an example, the
polymer can be chosen from at least one of polyallylamine,
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N-substituted polyallylamine, polydiallylamine, polyviny-
lamine, N-substituted polyvinylamine, polyethylenimine,
and a nanocomposite matrix. The nanocomposite matrix can
include aminomethil carbon nanotubes and at least one of
polyallylamine, N-substituted polyallylamine, polydially-
lamine, polyvinylamine, N-substituted polyvinylamine, and
polyethylenimine. In an example, the hygroscopic material
can be chosen from at least one of cyclodextrines (either o, 3,
v, or mixtures thereof), xylitol, maltitol, and polydextrose.

In an example, the sensing layer 24 includes about 60
weight percent to about 80 weight percent of the polymer, for
example, 65 weight percent to about 75 weight percent, such
as about 70 weight percent. The weight percent based on a
total weight of the sensing layer 24. In an example, the sens-
ing layer 24 includes about 40 weight percent to about 20
weight percent of the hygroscopic material, for example, 35
weight percent to about 25 weight percent, such as about 30
weight percent. The weight percent based on a total weight of
the sensing layer 24.

In an example, the sensing layer 24 includes a mixture of
polyallylamine and cyclodexytrines (either a, 3, y, or mix-
tures thereof).

In an example, the sensing layer 24 includes a mixture of a
nanocomposite matrix including polyallylamine and ami-
nomethil carbon nanotubes and cyclodextrines (either a, f, v,
or mixtures thereof).

In an example, the sensing layer 24 includes a mixture of
N-substituted polyallylamine and cyclodextrines with alkyl
groups. Examples of alkyl groups include, but are not limited
to, methyl, ethyl, n-propyl, isopropyl, n-butyl, s-butyl, t-bu-
tyl, isobutyl, n-pentyl, tert-pentil, n-hexyl, and 2-methylplen-
tyl.

In an example, the sensing layer 24 includes a mixture of a
nanocomposite including N-substituted polyallylamine and
aminocarbon nanotubes and cyclodextrines (either c, f3, v, or
mixtures thereof).

In an example, the sensing layer 24 includes a mixture of a
polyvinylamine and cyclodextrines (either ., f3, y, or mixtures
thereof).

In an example, the sensing layer 24 includes a mixture of a
nanocomposite matrix including N-substituted polyviny-
lamine and aminomethil carbon nanotubes and cyclodex-
trines (either o, P, v, or mixtures thereof).

In an example, the sensing layer 24 includes a mixture of
N-substituted polyvinylamine with alkyl groups and cyclo-
dextrines (either a, p, v, or mixtures thereof).

In an example, the sensing layer 24 includes a mixture of a
nanocomposite matrix including N-substituted polyniny-
lamine with alkyl groups and aminomethil carbon nanotubes
and cyclodextrines (either a., 3, ¥, or mixtures thereof).

In an example, the sensing layer 24 includes a mixture of a
polydiallylamine and cyclodextrines (either v, 3, y, or mix-
tures thereof).

In an example, the sensing layer 24 includes a mixture of a
nanocomposite matrix including polyallylamine and ami-
nomethil carbon nanotubes and cyclodextrines (either a, f, v,
or mixtures thereof).

In an example, the sensing layer 24 includes a mixture of
polyallylamine, polyvinylamine, and cyclodextrines (either
a, B, v, or mixtures thereof).

In an example, the sensing layer 24 includes a mixture of
polyallylamine, N-substituted polyallylamine, and cyclodex-
trines (either o, P, v, or mixtures thereof).

In an example, the sensing layer 24 includes a mixture of
polyethyleneimine and cyclodextrines (either c., f3, y, or mix-
tures thereof).
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In an example, the sensing layer 24 includes a mixture of a
nanocomposite matrix including polyethyleneimine and ami-
nomethil carbon nanotubes and cyclodextrines.

FIG. 2 shows a method 100 of forming a CO, sensor, in
accordance with one example. The method 100 of forming a
carbon dioxide sensor can include at step 102 provide or
obtain a gate-less field effect transistor based on a synthetic,
quasi-intrinsic, hydrogen-passivated, single-crystal diamond
layer exhibiting a 2-dimension hole gas effect, at step 104
provide or obtain a sensing layer including a polymer and a
hygroscopic material, and at step 106 deposit the sensing
layer onto a surface of the gate-less field effect transistor, the
sensing layer including a polymer and a hygroscopic mate-
rial.

Providing or obtaining the gate-less field effect transistor
can include providing or obtaining an ohmic substrate contact
(e.g., ohmic substrate contact 12), a synthetic, either single-
crystal or poly-crystalline diamond substrate 14, a quasi-
intrinsic diamond layer 16, and a 2-dimensional hole gas
channel 28. Method 100 can include growing the quasi-in-
trinsic diamond layer on top of the diamond substrate (e.g.,
either a single-crystal or poly-crystalline diamond substrate).
Growing the quasi-intrinsic diamond layer on top of the dia-
mond substrate can be done via chemical vapor deposition
(CVD).

Providing or obtaining the sensing layer at step 104 can
include combining a polymer with a hygroscopic material.
For example, the polymer can include at least one of polyal-
lylamine, N-substituted polyallylamine, polydiallylamine,
polyvinylamine, N-substituted polyvinylamine, polyethylen-
imine, and a nanocomposite matrix. The nanocomposite
matrix can include at least one of polyallylamine, N-substi-
tuted polyallylamine, polydiallylamine, polyvinylamine,
N-substituted polyvinylamine, and polyethylenimine, and
aminomethil carbon nanotubes. In an example, the hygro-
scopic material is chosen from one of cyclodextrines, xylitol,
maltitol, and polydextrose.

Depositing the sensing layer onto the surface of the gate-
less field effect transistor can include spine coating, spray
coating, dip coating, or direct printing the sensing layer onto
the surface of the gate-less field effect transistor. In an
example, after depositing the sensing layer, the sensor can be
dried, for example, for 1 hour at, for example, 500 degrees
Celsius.

The above Detailed Description is intended to be illustra-
tive, and not restrictive. For example, the above-described
examples (or one or more elements thereof) can be used in
combination with each other. Other embodiments can be
used, such as by one of ordinary skill in the art upon reviewing
the above description. Also, various features or elements can
be grouped together to streamline the disclosure. This should
not be interpreted as intending that an unclaimed disclosed
feature is essential to any claim. Rather, inventive subject
matter can lie in less than all features of a particular disclosed
embodiment. Thus, the following claims are hereby incorpo-
rated into the Detailed Description, with each claim standing
on its own as a separate embodiment. The scope of the inven-
tion should be determined with reference to the appended
claims, along with the full scope of equivalents to which such
claims are entitled.

In this document, the terms “a” or ““an” are used to include
one or more than one, independent of any other instances or
usages of “at least one” or “one or more.” In this document,
the term “or” is used to refer to a nonexclusive or, such that “A
or B” includes “A but not B,” “B but not A,” and “A and B,”
unless otherwise indicated. In this document, the phrase
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“varus/valgus angle” is used to refer to a varus angle only, a
valgus angle only, or both a varus angle and a valgus angle.

In the appended claims, the terms “including” and “in
which” are used as the plain-English equivalents of the
respective terms “comprising” and “wherein.” The terms
“including” and “comprising” are open-ended, that is, a sys-
tem or method that includes elements in addition to those
listed after such a term in a claim are still deemed to fall within
the scope of that claim. Moreover, in the following claims, the
terms “first,” “second,” and “third,” etc. are used merely as
labels, and are not intended to impose numerical require-
ments on their objects.

All publications, including non-patent literature (e.g., sci-
entific journal articles), patent application publications, and
patents mentioned in this specification are incorporated by
reference as if each were specifically and individually indi-
cated to be incorporated by reference.

The Abstract is provided to allow the reader to quickly
ascertain the nature of the technical disclosure. It is submitted
with the understanding that it will not be used to interpret or
limit the scope or meaning of the claims.

What is claimed is:

1. A carbon dioxide sensor, comprising:

a gate-less field effect transistor including a synthetic,
quasi-intrinsic, hydrogen-passivated, single-crystal dia-
mond layer exhibiting a 2-dimension hole gas effect; and

a sensing layer including a polymer and a hygroscopic
material deposited onto a surface of the gate-less field
effect transistor, wherein two highly-doped p-type
regions are implanted within the synthetic, quasi-intrin-
sic, hydrogen-passivated, single crystal diamond layer, a
first highly-doped p-type region positioned below an
ohmic source contact and a second highly-doped p-type
region positioned below an ohmic drain contact.

2. The carbon dioxide sensor of claim 1, wherein the gate-
less field effect transistor includes an ohmic drain contact and
an ohmic source contact.

3. The carbon dioxide sensor of claim 1, comprising one of
a single-crystal diamond structure and a poly-crystalline dia-
mond structure.

4. The carbon dioxide sensor of claim 3, wherein the one of
the single-crystal diamond substrate and the poly-crystalline
diamond substrate is connected to an ochmic substrate contact.

5. The carbon dioxide sensor of claim 1, wherein the syn-
thetic, quasi-intrinsic, hydrogen-passivated, single-crystal
diamond layer is positioned on a top surface of the one of the
single-crystal diamond substrate and the poly-crystalline dia-
mond substrate.
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6. The carbon dioxide sensor of claim 1, comprising a
2-dimension hole gas channel within the synthetic, quasi-
intrinsic, hydrogen-passivated, single-crystal diamond layer.

7. The carbon dioxide sensor of claim 6, wherein the sens-
ing layer is positioned between an ohmic drain contact and an
ohmic source contact, and adjacent to the 2-dimension hole
gas channel.

8. The carbon dioxide sensor of claim 1, wherein the poly-
mer is chosen from at least one of polyallylamine, N-substi-
tuted polyallylamine, polydiallylamine, polyvinylamine,
N-substituted polyvinylamine, polyethylenimine, and a
nanocomposite matrix.

9. The carbon dioxide sensor of claim 8, wherein the nano-
composite matrix includes:

at least one of polyallylamine, N-substituted polyally-

lamine, polydiallylamine, polyvinylamine, N-substi-
tuted polyvinylamine, and polyethylenimine; and ami-
nomethil carbon nanotubes.

10. The carbon dioxide sensor of claim 1, wherein the
hygroscopic material is chosen from at least one of cyclodex-
trines, xylitol, maltitol, and polydextrose.

11. A method of forming a carbon dioxide sensor, compris-
ing:

providing or obtaining a gate-less field effect transistor

including a synthetic, quasi-intrinsic, hydrogen-passi-
vated, single-crystal diamond layer exhibiting a 2-di-
mension hole gas effect;

providing or obtaining a sensing layer including a polymer

and a hygroscopic material, wherein the hygroscopic
material is chosen from one of cyclodextrines, xylitol,
maltitol, and polydextrose; and

depositing the sensing layer onto a surface of the gate-less

field effect transistor.

12. The method of claim 11, wherein providing or obtain-
ing the gate-less field effect transistor includes growing a
synthetic, quasi-intrinsic, hydrogen-passivated, single-crys-
tal diamond layer on top of one of a single-crystal diamond
structure and a poly-crystalline diamond substrate.

13. The method of claim 11, wherein the polymer is chosen
from at least one of polyallylamine, N-substituted polyally-
lamine, polydiallylamine, polyvinylamine, N-substituted
polyvinylamine, polyethylenimine, and a nanocomposite
matrix, the nanocomposite matrix includes:

at least one of polyallylamine, N-substituted polyally-

lamine, polydiallylamine, polyvinylamine, N-substi-
tuted polyvinylamine, and polyethylenimine; and
aminomethil carbon nanotubes.
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